The modern human bony labyrinth is morphologically distinct from that of all other primates, showing derived features linked with vestibular function and the overall shape of the cranial base. However, little is known of how this unique morphology emerges prenatally. This study examines in detail the developing fetal human labyrinth, both to document this basic aspect of cranial biology, and more specifically, to gain insight into the ontogenetic basis of its phylogenetically derived morphology. Forty-one post-mortem human fetuses, ranging from 9 to 29 weeks gestation, were investigated with high-resolution magnetic resonance imaging. Quantitative analyses of the labyrinthine morphology revealed a number of interesting age-related trends. In addition, our findings show that: (1) the prenatal labyrinth attains an adult equivalent size between 17 and 19 weeks gestation; (2) within the period investigated, shape changes to all or most of the labyrinth cease after the 17-19-week size maturation point or after the otic capsule ossifies; (3) fetal cochlea development correlates with the surrounding petrosal morphology, but not with the midline basicranium; (4) gestational age-related rotations of the ampullae and cochlea relative to the lateral canal, and posterior canal torsion are similar to documented phylogenetic trends whereas other trends remain distinct. Findings are discussed in terms of the ontogenetic processes and mechanisms that most likely led, in part, to the emergence of the phylogenetically derived adult modern human labyrinth.
Introduction
The bony labyrinth inside the petrous temporal bone houses the inner ear, including the sense organ of hearing in the cochlea, and that of balance in the vestibule and the semicircular canals. Comparative analyses have demonstrated that the bony labyrinth of modern humans is morphologically distinct from that of other primates (Hyrtl, 1845; Gray, 1907; Delattre & Fenart, 1960 , 1961 , 1962 Spoor, 1993; Spoor & Zonneveld, 1998) . Differences in the size of the semicircular canals are thought to relate functionally to sensory control of modern human bipedal locomotion, whereas general shape differences appear to reflect aspects of the strongly derived human cranial base (Spoor & Zonneveld, 1998; Spoor, 2003) . The evolutionary history of these derived labyrinthine features has become increasingly well understood through the radiological examination of fossil hominid temporal bones (Spoor, 1993; Spoor et al. , 1996 Spoor et al. , 2003 Hublin et al. 1996) .
Studies assessing the human labyrinth from a comparative and evolutionary perspective suggest that it attains its adult morphology before birth, so that direct comparison can be made between adult and juvenile specimens (Spoor, 1993; Hublin et al. 1996; Spoor et al. 2002b Spoor et al. , 2002c . Moreover, it is argued that the labyrinth may constitute a better representation of the genotypic make-up of an individual than do most other skeletal parts, because postnatal influences on the morphology by environmental or behavioural factors are minimal or absent. The notion that the human labyrinth matures prenatally is largely based on the observation that ossification of the surrounding otic capsule is completed during the sixth month in utero (Bast, 1930 ). In addition, some studies report that late fetal and neonatal labyrinths are morphologically similar to adult ones (Siebenmann, 1890; Schönemann, 1906) .
Others nevertheless maintain that temporal changes do occur well into adulthood (Hyrtl, 1845; Tremble, 1929; Sercer & Krmpotic, 1958) . These contradictory views are based on samples that are limited in size and age range, and observations that are not tested statistically. Consequently, it can be concluded that little is known of any significant morphological changes after the labyrinth is formed in the embryonic phase of development. We therefore performed a comprehensive morphometric analysis of the developing fetal human labyrinth, both to document this basic aspect of cranial biology, and more specifically, to gain insight into the ontogenetic basis of its phylogenetically derived morphology. Whereas previous studies are based on corrosion casts and histological sections, we used highresolution magnetic resonance imaging (hrMRI) to visualize and quantify the fetal morphology (Jeffery & Spoor, 2002; Jeffery, 2002) . Before reviewing earlier reports on ontogenetic change of the human labyrinth, and outlining the specific questions that will be addressed in this study, we will briefly summarize the features of the adult bony labyrinth that distinguish humans from other primates (see Spoor & Zonneveld, 1998 , for a full account).
Characteristics of the human labyrinth
Comparison will be made primarily with the extant great apes (Fig. 1 ), as these are the human's phylogenetically closest living relatives. However, most characters distinguish humans from other primates as well.
Among species, there is a small, negative allometric increase of the adult size of the labyrinth with body mass (Jones & Spells, 1963; Spoor & Zonneveld, 1998; Spoor et al. 2002b) . With this scaling effect taken into account, modern humans have anterior and posterior semicircular canals that have a larger arc size than the great apes ( Fig. 1 ).
By contrast, the arc of the lateral canal of humans is marginally smaller, and their cochlea is similar in size.
Seen in superior view (Fig. 1a,b) , the planar orientations of the anterior and posterior canals are similar in humans and other primates. However, the axis of symmetry of the arc of the lateral canal is orientated more coronally in humans, so that the vertex of this canal is directed more laterally. This morphology appears to follow the more coronal orientation of the petrous temporal bone in humans than in other primates. The superior view also demonstrates that the torsion of the posterior canal differs in humans and the great apes. In humans, the superior limb of this canal is orientated more coronally than the inferior limb, whereas this is the reverse in great apes.
In lateral view (Fig. 1c,d ), aspects of the human labyrinth, including the common crus and the cochlea, have a rotated orientation relative to the plane of the lateral canal. This rotation is clockwise when viewing the lateral aspect of the left labyrinth. Among primate species, the plane of the lateral canal tends to align itself with the anterior cranial base, whereas the other parts follow the orientation of aspects of the posterior cranial base, including the basioccipital, foramen magnum and the posterior surface of the petrous temporal bone. Hence, in humans the typically rotated morphology of the labyrinth in lateral view appears to mirror the strongly rotated, i.e. flexed, cranial base. Spoor (1993) and Spoor & Zonneveld (1998) have suggested that the unique shape of the human labyrinth is the consequence of phylogenetic remodelling of the cranial base to accommodate the greatly expanded In lateral view the planes of the lateral canal are aligned. Differences of orientation are indicated by single-headed arrows and differences of canal size are shown by doubleheaded arrows. The gorilla labyrinth is shown at 97% of its actual size to compensate for the difference in body mass (scaling follows Spoor et al. 2002b) . Measurement codes as listed in Table 1 and shown in Fig. 2 . A, anterior; L, lateral; S, superior. human brain. In this process the petrous bones reorientate coronally, and rotate (pitch) with the increased flexion of the posterior cranial base. The labyrinth follows these changes to the petrous bone, with the important exception that the planar orientations of the semicircular canals are conserved, because of functional constraints. Hypothetically, this model could have an ontogenetic basis, with species-specific differential patterns of brain growth influencing the fetal cranial base, including the labyrinth up to the moment the otic capsule ossifies (Spoor, 1993; Spoor & Zonneveld, 1998) .
Ontogeny of the human labyrinth
There has been a marked advance in recent decades in our understanding of the early development of the labyrinth, from the underlying molecular signalling involved to cellular differentiation and to actual morphogenesis ( Van de Water & Represa, 1991; Noden & Van de Water, 1992; Martin & Swanson, 1993; Fritzsch et al. 1998; Mazan et al. 2000; Boyl et al. 2001) . Derived from the otic placodes situated on either side of the embryonic hindbrain (Anniko, 1983) , the otic vesicles each differentiate into a superior vestibular part and an inferior cochlear part. The cochlear part gradually winds around its own axis towards the vestibular part, typically completing 2 1 / 2 windings by the tenth week in utero (Streeter, 1917) . The vestibular apparatus develops earlier than the cochlear part and grows at a faster rate. The semicircular canals rapidly emerge as disc-like out-pocketings from the vestibular part (Arnold & Lang, 2001) , and attain their general form by about the eighth week in utero (Streeter, 1918) . Growth differences are evident among the three canals. In particular, the lateral canal arises later and at a slower rate than the anterior or posterior canal (Rinkwitz et al. 2001 Neither Turkewitsch (1930) nor Sato (1903) observed size differences between third trimester fetal, neonatal and adult canals either. However, the former study reports a small increase in cochlea size, and the latter that the lateral canal rotates laterally in association with the growth of external acoustic meatus and mastoid process. Sercer (1958) suggests that, compared with neonates, the adult labyrinth has canals with increased torsion, and a cochlea that is more 'rolled-up'. Moreover, Sercer & Krmpotic (1958) explicitly state that the labyrinth changes continuously from fetus until after adolescence, and that these ontogenetic changes are a recapitulation of a similar phylogenetic transformation.
By contrast, Sato et al. (1991 Sato et al. ( , 1993 , using histological sections, found no postnatal changes in the length of the cochlear turns, and the torsion or angles of the canal planes. Finally, Spoor (1993) used computer tomography (CT) scans to make a preliminary comparison between the labyrinths of a few fetal specimens with ossified otic capsules, some infants and a large sample of adults. He found a small, but statistically significant difference between the fetal and adult samples in the orientation of the cochlea relative to the vestibule, when viewed superiorly. By contrast, no differences were observed between the infant and adult labyrinths.
Apart from the morphology of the labyrinth itself, a few studies have also investigated its spatial orientation in the cranium during ontogeny. Bossy & Gaillard de Collogny (1965) studied changes of the labyrinth in the transverse plane in 12 fetuses of between 11 weeks and birth, and report on the reorientations of the long axis of the labyrinth, the anterior canal and the cochlea. Spoor (1993) compared angles between the planar orientation of the lateral canal and aspects of the cranial base in small numbers of late fetal and infant specimens with those in substantial adult samples, based on original measurements as well as values reported in Cousin (1969) and Pellerin (1983) . No difference was found between these samples for the angle to the anterior cranial base, whereas angles to the posterior cranial base did differ with age. Spoor (1993) therefore suggested that the lateral canal has a stable orientation to the anterior base, not only phylogenetically among primates, but also in ontogeny (at least for the fetal period after ossification of the otic capsule).
Whether other parts of the labyrinth, such as the common crus and the cochlea, correlate with the posterior cranial base during ontogeny, as has been found interspecifically for adult primates (Spoor & Zonneveld, 1998), has not been investigated. In all, insufficient empirical evidence is currently available to assess the ontogenetic model that differential integration of the cartilagenous otic capsule and the surrounding fetal cranial base underlies the unique shape of the human labyrinth, and forms a mechanism of phylogenetic change.
Questions
This study primarily aims to document general, growthrelated changes of the human fetal labyrinth. In addition, by adjusting for the impact of growth, the study also aims to resolve distinct ontogenetic patterns of change relating to the process of otic capsule ossification and to restructuring of the basicranium. With regard to the latter, the present study examined its potential role as a proximate mechanism driving the pattern of change in the fetal labyrinth. However, it is worth noting that basicranial restructuring is in itself a pattern of change driven by a process, possibly brain enlargement (Spoor, 1997; Jeffery & Spoor, 2002; Jeffery, 2003 (Jeffery, 1999 (Jeffery, , 2002 Jeffery & Spoor, 2002 The fetal specimens were compared with the adult sample of 54 individuals quantitatively described in Spoor (1993) and Spoor & Zonneveld (1998) . This sample was compiled to best reflect worldwide geographical variation, and the region of origin and collection numbers of the specimens are listed in appendix 5.1 of Spoor (1993) .
Measurements
The measurements of the labyrinth are summarized in Table 1 , shown in Fig. 2 , and detailed definitions are given in Spoor & Zonneveld (1995) . Linear measurements were taken to the nearest tenth of a millimetre, and angles to the nearest degree.
The linear measurements of the labyrinth include the height and width of the arc of each semicircular canal and of the basal turn of the cochlea (Fig. 2a,b ). The (Fig. 2a) h/w Shape index of the arc of a semicircular canal or of the basal turn of the cochlea (height /width × 100) IEL Inner ear length measured from the posterior-most point of the arc of the posterior canal at its greatest width, to the centre of the lumen of the basal turn of the cochlea LSCh Height of the lateral semicircular canal ( To examine the orientation of the labyrinth in relation to the cranium, the orientation of the midsagittal plane in transverse hrMRI scans was recorded. Midsagittal images were used to measure the orientations of the lines sella to foramen caecum (S-Fc), and basion to sella (Ba-S), representing the orientations of the anterior cranial base and the basioccipital, respectively. The cross-sectional orientation of the posterior surface of the petrous pyramid was measured in a transverse scan at the level of the lateral semicircular canal (Spoor & Zonneveld, 1995 . Its orientation in the sagittal plane (Spoor & Zonneveld, 1995 : PPp) could not be measured in the fetal sample because its landmarks are not yet developed.
Statistics
Comparisons between means were made with Welch's approximate t -test of equality, which works well for both homoscedastic and heteroscedastic samples (Sokal & Rohlf, 1995) . Associations between variables were assessed using Spearman's rank correlation coefficients with adjustment for tied ranks (PAST v1.01; Ø. level of rank, product-moment and partial correlation coefficients were determined using t -tests (Sokal & Rohlf, 1995) . In all statistical tests, a significance level of P = 0.05 was used to reject the null hypothesis. 
Results
Three-dimensional renderings of the labyrinth at around 9, 14 and 29 weeks gestation are shown in Fig. 3 to illustrate the general variation in morphology that is found for the fetal period studied here. Sample statistics for all raw measurements are given in Table 2 .
The range and standard variation mark the size and shape variations that occur in the cross-sectional sample, thus giving an indication of the degree of ontogenetic changes. The mean is given to facilitate comparison of the fetal and adult samples. The analyses of these data are divided into age-related variation and maturation of size and shape in which the term shape refers to dimensionless variables such as ratios and angles. Tables 3-5 detail the regression and correlation statistics for all of the analyses.
Size variations with age
Overall growth of the labyrinth was evaluated by plotting its length (IEL) against estimated gestational age (EGA). The bivariate plot, shown in Fig. 4 , reveals a highly significant correlation with a polynomial, biphasic variation of labyrinth length (Table 2) . This trend describes a three-fold increase of length during an early gestational growth phase from 9 to 18 weeks after which it tapers off to a plateau, and no further agerelated increase in IEL is evident. Spoor (1993) , Spoor & Zonneveld (1998) , and newly calculated ( n = 53 for angles of labyrinth, n = 50 for angles to SG, and n = 48 for angles to midline cranial base). The signs of labyrintho-cranial angles reported by Spoor (1993) were changed according to the conventions set by Spoor & Zonneveld (1998) . §For those variables not correlated with EGA (Table 3) significant difference from the adult mean is indicated by * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001; ns, not significantly different.
To further explore age-related growth variations, radius measures of each semicircular canal and the basal turn of the cochlea were plotted against EGA (Fig. 6a,b) . These plots show highly significant curvilinear increases of size, best described by polynomial regression fittings (Table 3 ). The regression statistics (see a and a 2 , Table 3 ) and the growth trajectories depicted in Fig. 6(a) indicate that the anterior and posterior canals grow at similar rates whereas the lateral canal grows at a slower rate and is generally much smaller. Despite these differences, the age at which the polynomial trends inflect (i.e. no further discernible size increase) is about the same for all three canals and the cochlea ( ∼ 18 weeks). This is at least a week before the first parts of the labyrinth (ASC, CO) are fully embedded in bone. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ns, not significant. ns ns ns ns ns <* <* ns ns ns >* †*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ns, no significant difference between means. ‡> fetal mean significantly greater than adult; < fetal mean significantly less than adult.
Size maturation
To determine whether the fetal labyrinth achieves adult size during the period under investigation, individual fetal size measures were compared statistically (t-test) with the adult sample means given by Spoor & Zonneveld (1998) . Those fetuses with size measures significantly smaller than the adult range of variation are shaded grey in Fig. 6(a,b) . The youngest individuals that fall within the adult range for the three semicircular canals are between 18 and 19 weeks old (Fig. 6a) .
A younger individual, aged 16.5 weeks gestation, falls within the adult range for the cochlea (Fig. 6b) . These findings indicate that the size of the labyrinth at 17-19 weeks gestation and older is commensurate with that in adulthood. Moreover, results also suggest that despite the notable differences of growth rate, all four measured regions of the labyrinth reach an adultequivalent size at roughly the same point in time, from 17 to 19 weeks gestation. Indeed, the subset of specimens in the range of 18-29.2 weeks have mean canal and cochlea radii that are not significantly different from the adult samples (Table 4) .
Shape variations with age

Indices
Temporal variations in the shapes of the semicircular canal arcs and cochlear basal turn were explored by plotting their width / height indices against EGA. Findings show that there are no significant age-related variations in the indices of the anterior canal (r rank = 0.19, ns), the posterior canal (r rank = −0.27, ns) and even the cochlea (r rank = −0.13, ns). However, there is a small significant correlation between variations in the index of the lateral canal and EGA (Table 3 ). This suggests that the height of the lateral canal increases relative to its width during fetal life, although these variations fall within the adult range of variation . At the beginning of the period investigated the lateral canal is wider than it is tall, but with . However, the inferior-most orientations relative to the midline decrease (ASCi) and increase (PSCi) significantly with age ( Fig. 7c ; Table 3 ). This shows that the increased torsions of these canals follow from the divergence of the inferior-most line segments ASCi and PSCi toward the midline, whereas the superior-most parts remain stable. No significant correlation was observed for the median axis of the anterior canal (ASCm<SG, r rank = 0.22, ns), but that of the posterior canal relative to the midline increases with age ( Fig. 7c ; Table 3 ). Thus, the plane of the posterior canal (PSCm) tracks with changes to its inferiormost part (PSCi), gradually reorientating toward the sagittal axis by some 15° during the period investigated, Fig. 7d ; Table 3 ). The orientation of the cochlear basal turn (COt), relative to both VSC and the midline (SG), shows a significant age-related decrease ( Fig. 7d,e ; Table 3 ). Thus, it rotates coronally, so that the apex of the cochlea faces increasingly anteriorly.
Turning to the labyrinth in lateral view, the orientation of the common crus, measured relative to the plane of the lateral canal, shows no significant correlation with age (CCR<LSCm & EGA, r rank = −0.04, ns). There are, however, significant age-related variations in the sagittal orientations of the ampullar line (APA) and cochlea (COs) relative to LSCm ( Fig. 7f ; Table 3 
Shape maturation
Establishing whether the fetal labyrinth attains adult shape when it reaches adult size, when the surrounding otic capsule is ossified, or whether it continues to change subsequently, is more difficult to assess than size maturation. The degree of shape changes observed for the fetal period is small compared with the range of variation in adults, which makes it difficult to establish that a plateau is reached in the plots. Here we specifically assess continuing shape changes in two later fetal subsamples. These include (1) those specimens with labyrinth sizes within the adult range of variation (n = 18; see Fig. 6a ,b), and (2) PSC measures or PSC to ASC measures, n = 12; LSC measures, LSC to PSC or LSC to ASC measures, n = 11. These subsamples were re-analysed for age-related shape variations and tested for equality with the adult means (Table 4) .
No significant differences were noted for canal radii or proportions of the lateral canal. The angle between the anterior and posterior canals (ASCm<PSCm) continues to change after adult canal size is reached, but 
Basicranial integration
Two main aspects of basicranial shape, the transverse orientation of the petrous pyramids relative to the midline (PPip<SG) and the cranial base angle (CBA), are both strongly correlated with EGA (Table 3 ). This implies that the petrous bones reorientate coronally by approximately 15° during the period investigated and the cranial base flattens out by some 15 -20° (Fig. 9a) .
To evaluate if the observed temporal changes of the fetal labyrinth are interrelated with these variations of basicranial architecture, all labyrinthine angles were compared with petrous orientation and cranial base Table 6 and main text).
angle (Table 5) . Correlations were calculated while holding PPip<SG constant for CBA comparisons and CBA constant for PPip<SG comparisons to filter out the influence of the strong background correlation between PPip and CBA (r rank = −0.70, P < 0.001). Moreover, correlations were also calculated while holding the growth-related variable EGA constant, because
PPip<SG and CBA, and many labyrinthine angles correlate closely with this variable (Table 3) . The results of the partial correlation analysis are given in Table 5 .
The findings provide evidence for an association between the orientations of the fetal cochlea and petrous bone, independent of EGA or CBA. The basal turn of the cochlea rotates coronally (COt<SG) and becomes more inclined relative to the lateral canal (COs<LSCm), with a more coronal petrous orientation (Fig. 9b ). There is no evidence for any association between fetal labyrinth morphology and the increase in cranial base angle (referred to here as retroflexion).
The cochlear angle COs<LSCm appears to be correlated with CBA, independent of EGA. However, this apparent link is not significance when PPip is kept constant, and thus indirectly follows from the underlying correlation between PPip and CBA.
To assess whether individual parts of the labyrinth are correlated with either the anterior or posterior midline cranial base the angles of these parts to Ba-S and S-Fc were analysed (Table 5, The labyrinthine angles to the midline cranial base were also assessed against petrous bone orientation.
Only the angles of LSCm to both S-Fc and Ba-S correlate with PPip<SG, with or without holding EGA and CBA constant. Hence, the lateral canal orientation shows antero-inferior pitch relative to the entire midline cranial base, in association with the coronal reorientation of the petrous bones. This is independent of the association of the entire labyrinth with the posterior cranial base.
Discussion
This paper set out to document developmental changes of the fetal labyrinth during human fetal life. We found considerable size increases of the labyrinth during the early part of the period investigated, which gradually wane, and cease later in fetal life. Age-related shape changes of the labyrinth in superior view comprise an opening-out, or unfolding, about an origin in the region of the vestibule (Fig. 8) . (1906) and Sato et al. (1991 Sato et al. ( , 1993 , but contradict previous suggestions that canal size and cochlea height increase postnatally (Hyrtl, 1845; Tremble, 1929; Turkewitsch, 1930) . In fact, with respect to cochlear growth we find that it is this structure which perhaps first attains adult size at around 16-17 weeks gestation.
Shape maturation
The second question asked whether labyrinthine morphology continues to change in shape after attaining adult size and after the otic capsule has ossified. The results indicate that the angle between the anterior and posterior canals continues to open laterally after the canals reach adult size, but stabilizes with the ossification of the surrounding capsule. Two angles, describing the torsion of the anterior canal (ASC-tor) and the orientation of the cochlea (COt<VSC), appear to change after ossification. However, the correlations with age are not strong, and after reaching adult size the cochlea angle is not different from that of adults.
Moreover, the suggested direction of change for the small ASC-tor subset (Table 4 ) is opposite to that of the overall trend during the full fetal period investigated (Table 3) . This would suggest a more complex pattern of shape changes, marked by reversals in direction. (Table 2) . Moreover, relative to the midsagittal orientation the axis of symmetry does change over fetal time (Table 3) , but in the opposite direction to that indicated by Sato, i.e. we find that LSCt turns more sagitally, with the vertex moving posteriorly rather than laterally. Bossy & Gaillard de Collogny (1965) described that the long axis of the fetal labyrinth turns to a more coronal orientation by about 15°. Whereas the cochlea partly follows this rotation, the anterior canal rotates in the opposite direction by about 10°, and stabilizes at about 5 months. Although the age when shape changes cease approximately corresponds with our results, we do not find any age-related change of the equivalent measurement of the anterior canal (ASCm<SG). As Bossy & Gaillard de Collogny (1965) cover the time period from 2.5 to 9 months with a sample of just 12 fetuses, it may well be that the reported 10° change falls well within the normal interindividual variation, and does not represent a temporal trend (for a shorter period the variation in our sample is 29°).
Without specifically quantifying the difference, Sercer (1958) reports that adult semicircular canals show more torsion than those of newborns. Our study shows no evidence for increasing torsion after the fetal labyrinth attains adult size (Table 4) . However, we did observe significant differences in comparisons with the adult means, suggesting that torsion of the anterior and posterior canals is greater in the adults. This could be seen as support for Sercer's general observation, except that we find the reverse pattern for the lateral canal, which shows more torsion in our fetal sample than in the adults (Table 2 ).
In addition to the torsion angles, two further angles of the labyrinth are significantly different in the adult sample and either the post-ossification fetal sample (Table 4) or the full fetal sample (Table 2) Overall, our findings suggest that the fetal labyrinth shows little or no changes in shape after it has attained adult size and, in particular, once it is embedded in the ossified otic capsule.
Basicranial integration
The (Spoor, 1993 , considered the orientation sella to nasion, rather than to foramen caecum), they also cover dissimilar time periods. The eight fetal specimens considered by Spoor (1993) are between 24 weeks and full term. In the current study the eight equivalent specimens have an angle LSCm<S-Fc (mean = −5.5°, SD = 3.6°) that is very similar and not significantly different from the value for adults (Table 2) Another unexpected finding is that, relative to the entire midline cranial base (S-Fc and Ba-S), the lateral canal (LSCm) pitches antero-inferiorly with coronal petrous reorientation. A specific explanation for this link is not evident, but it is interesting to note that it only applies to LSCm, and not to other labyrinthine orientations measured in the sagittal plane (Table 5) .
Among these, LSCm is also the only functionally relevant orientation, as it quantifies the plane of the lateral canal. A potential functional constraint on lateral canal orientation could be related to its input into the vestibulo-ocular reflex, working on the medial and lateral rectus muscles of the eye. Hence, a degree of alignment of these muscles, the bony orbit and the lateral canal planes is a possibility that remains to be explored (Spoor & Zonneveld, 1998) . However, even if such a spatial association were found, it is not clear how this would relate to the orientation of the petrous bone.
Finally, the fact that only LSCm, and not COs, shows antero-inferior pitching in correlation with petrous reorientation may give new light to the poorly understood link between the cochlear inclination angle and petrous reorientation. Indeed, the correlation between the angles COs<LSCm and PPip<SG (Table 5) is no longer significant when the angles LSCm<Fs-S or LSCm<Ba-S are held constant (r partial −0.17, ns, and −0.11 ns, respectively). This implies that the cochlear inclination angle is seen to co-vary with petrous reorientation not because of true inclination changes in COs but because of changes in the reference orientation LSCm.
In summary, the observed labyrintho-basicranial associations during fetal development reveal the following pattern: (1) a joint coronal reorientation of the petrous bone and the cochlea, not followed by other parts of the labyrinth; (2) the entire labyrinth follows the posterior cranial base, so that the former pitches antero-inferiorly, when the latter retroflexes; and (3) antero-inferior pitching of the lateral canal, relative to the anterior and posterior cranial base in association with coronal reorientation of the petrous bone.
Ontogenetic and phylogenetic trends
The fourth and final question asked if the human labyrinth is laid down as a small version of the phylogenetically derived adult morphology, and, if not, whether fetal changes reflect the phylogenetic trend observed for modern humans. The age-related shape changes observed here clearly demonstrate that the early fetal labyrinth does not show the adult morphology. Among these ontogenetic changes, some do indeed follow the phylogenetic trends observed when modern humans are compared with the extant great apes and PlioPleistocene hominids, the South African australopithecines in particular (Spoor, 1993; ).
Comparison of Figs 1 and 8 shows similar rotations of the ampullar line and the cochlea relative to the lateral canal (APA<LSCm, COs<LSCm). The ontogenetic and phylogenetic trends both also share a shape change of the posterior canal from a flat arc to one with negative torsion. However, the ontogenetic change appears to be caused by the increasingly sagittal orientation of the inferior part of the posterior canal, whereas the phylogenetic trend follows from an increasingly coronal orientation of its superior part (Spoor, 1993; Spoor & Zonneveld, 1998) .
Several phylogenetic trends are not seen during fetal development. For example, the axis of symmetry of the lateral canal (LSCt) changes phylogenetically to a more coronal position (Fig. 1 ), but ontogenetically it remains unchanged (when measured against VSC) or even takes a more sagittal position (when measured against the midline SG). In addition, phylogenetically the common crus (CCR) rotates to a more posteriorly tilted orientation ( Fig. 1) , whereas no ontogenetic change was observed here.
The findings of the present study can now be used to evaluate the model that it is differential integration of the cartilagenous otic capsule and the surrounding fetal cranial base that results in the unique shape of the human labyrinth, as an ontogenetic process which could also form the basis of phylogenetic change (Spoor, 1993; Spoor & Zonneveld, 1998) . The mechanism essential to this model is that parts of the labyrinth reorientate A third aspect of the model is the proposal that the process of fetal brain development affects both the pattern of change in the labyrinth and the pattern of basicranial variation, and that this common influence accounts for the link between the labyrinth and basicranium (Spoor, 1993; Spoor & Zonneveld, 1998) . The potential impact of the brain on the cartilaginous otic capsules and the surrounding petrous bones is evident, as they are wedged between the cerebral temporal lobes and the cerebellum, and form a major line of attachment of the tentorium cerebelli. Moreover, phylogenetically, both midline cranial base flexion and coronal reorientation of the petrous bones have been shown to correlate with increased relative brain size (Ross & Ravosa, 1993; Ross & Henneberg, 1995; Spoor, 1997; Lieberman et al. 2000; McCarthy, 2001) . However, analyses of the human fetal cranial base covering the same period as the present study indicate that these correlations do not occur ontogenetically (Jeffery & Spoor, 2002; Jeffery, 2003) . Hence, whereas fetal brain growth may affect the labyrinthine shape locally, it is less likely to be the dominant factor integrating the labyrinth and the rest of the cranial base.
Overall, it can be concluded that there is evidence for the envisaged mechanism that the shape of the fetal labyrinth changes because parts follow the petrous bones but others do not. However, independent shape changes of the fetal labyrinth play at least as important a role in establishing the adult morphology. Moreover, ontogenetic patterns of shape change are not necessarily the basis for phylogenetic change of the labyrinth.
These and previous findings clearly highlight the complex nature of changes of the labyrinth and surrounding otic capsule during both development and evolution. A confounding factor is that studies thus 
Conclusions 1
The human labyrinth undergoes a number of complex changes during early fetal life, including a general 'unfolding' of the vestibular apparatus and reorientation of the cochlea.
2 Despite the different growth rates of its subcomponents, the human fetal labyrinth as a whole attains an adult equivalent size between 17 and 19 weeks gestation and is fully encapsulated by bone a few weeks later.
3 The shape changes of all or most of the labyrinth ceases after the otic capsule has ossified, though there remain significant differences with adult means, indicating either population differences between the fetal and adult samples or, potentially, that change of the labyrinth may recur later in life.
4 Shape changes to the human fetal labyrinth are not associated with contemporary retroflexion of the midline cranial base. However, changes in labyrinthine shape do correlate with the reorientation of the surrounding petrous bone, because some of its parts do follow this reorientation, whereas others do not. 
